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A Machining Science Approach
to Dental Cutting of Glass
Ceramics Using an Electric
Handpiece and Diamond Burs

Dental cutting using handpieces has been the art of dentists in restorative dentistry. This
paper reports on the scientific approach of dental cutting of two dental ceramics using a
high-speed electric handpiece and coarse diamond burs in simulated clinical conditions.
Cutting characteristics (forces, force ratios, specific removal energy, surface roughness,
and morphology) of feldspar and leucite glass ceramics were investigated as functions of
the specific material removal rate, Q,, and the maximum undeformed chip thickness,
Nppax- The results show that up and down cutting remarkably affected cutting forces, force
ratios, and specific cutting energy but did not affect surface roughness and morphology.
Down cutting resulted in much lower tangential and normal forces, and specific cutting
energy, but higher force ratios. The cutting forces increased with the Q,, and h,,,. while
the specific cutting energy decreased with the Q,, and h,,,.. The force ratios and surface
roughness showed no correlations with the Q,, and h,,,.. Surface morphology indicates
that the machined surfaces contained plastically flowed and brittle fracture regions at
any Q,, and h,,,.. Better surface quality was achieved at the lower Q,, and the smaller
Nppax- These results provide fundamental data and a scientific understanding of ceramic
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cutting using electric dental handpieces in dental practice. [DOI: 10.1115/1.4023273]

Keywords: dental cutting, glass ceramics, electric handpiece, force, energy, surface
roughness, morphology

1 Introduction

Glass ceramics are the most popular ceramic restorative materi-
als in dentistry [1]. They are widely used as veneer-core bilayer
all-ceramic or metal-fused ceramic restorations, monolithic inlays,
onlays, and crowns to replace missing or damaged tooth structures
for reconstructing and preserving aesthetic and functional proper-
ties of original teeth [2,3]. Glass ceramics have attractive optical
and mechanical properties which rank them the most biocompati-
ble and aesthetic materials [4]. However, glass ceramics are brittle
and particularly susceptible to flaws induced in fabrication and
surface treatments. Especially, brittle fractures easily occur during
the intraoral cutting using dental high-speed handpieces and
coarse diamond burs [5,6].

In restorative dentistry, intraoral cutting is a routine practice for
interceptive occlusal contact adjustments using high-speed hand-
pieces and dental abrasive burs [7]. Air-turbine handpieces have
been widely used in clinical dentistry for more than 40 yr due to
their relatively low costs [8]. Investigations on in vitro cutting of
dental ceramics using air-turbine handpieces have demonstrated
that the quality of ceramic restorations depended on operational
parameters, ceramic materials, and diamond bur grit sizes [9—11].
Recently, electric handpieces become more popular due to their
higher torques and less vibration in comparison with air-turbine
handpieces [12,13]. Studies have shown that electric handpieces
achieved greater cutting efficiency than air-turbine handpieces
during tooth preparation, especially when the tested carbide bur
was used [13]. In cutting high noble metal alloys, silver amalgam,
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and machinable mica-containing glass ceramics, electric dental
handpieces also showed significantly more efficiency than air-
turbine handpieces [14]. However, the cutting performance of
clinical ceramic prostheses using electric handpieces is little
known. As more dentists are replacing air-turbine handpieces with
electric handpieces, the fundamental understanding of cutting
characteristics of commonly applied dental ceramics using electric
handpieces is urgently required in dental clinical practice.

The aim of this investigation was to perform a scientific
approach of dental cutting of two commonly used dental ceramics,
feldspar, and leucite glass ceramics using a clinical electric hand-
piece and coarse diamond burs under simulated clinical conditions.
Handpiece movements were precisely controlled in the range of
clinical conditions using a computer-numerical control. Cutting
forces were measured using a force measurement system. Cutting
forces, force ratios, specific removal energy and surface rough-
ness in up and down cutting were quantified as functions of the
specific material removal rate and the maximum undeformed
chip thickness. Surface morphology was observed using scan-
ning electron microscopy (SEM) to understand surface genera-
tion mechanisms.

2 Simulated Clinical Dental Cutting
and Characterization Methodology

A feldspar glass ceramic (Vita Mark II, Vita Zahnfabrik, Ger-
many) and a leucite glass ceramic (ProCAD, Ivoclar Vivadent,
Liechtenstein) were chosen as the ceramic test materials. These
materials are representative of those used in dental applications.
The mechanical properties of feldspar ceramic are Vickers hard-
ness H=6.2GPa, Young’s modulus £ =68 GPa, fracture tough-
ness K.=0.9 MPa - ml/z, and flexural strength ¢ =100 MPa [15].
The mechanical properties of leucite ceramic are Vickers hardness
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Specimen

®)

Fig. 1 (a) Simulated dental cutting using a handpiece/bur; (b)
schematic diagram of movements of a handpiece/bur and a
specimen during the cutting

H=5.6GPa, Young’s modulus E="70GPa, fracture toughness
K.=13MPa- m”z, and flexural strength ¢ =127 MPa [16]. They
had dimensions of 12mm X 5mm X 15mm. A new ceramic sam-
ple for each ceramic material was used in this investigated.

The dental cutting was conducted on a two-dimensional
computer-assisted apparatus to simulate clinical cutting operations
using a high-speed electric handpiece (Ti95L, NSK, Japan), which
can be run at the maximum rotational speed of 200 krpm. Figure
1(a) shows the image of cutting a ceramic using a dental handpiece
and a bur. During the cutting, the computer-numerical control table
carried the dental handpiece for the two-dimensional movements.
These movements represent the handpiece movements in clinical
cutting manipulated by dentists. The movements of a dental hand-
piece and a bur against a specimen during the simulated dental cut-
ting are illustrated in Fig. 1(b). A bur rotating at a high rotational
speed of 200 krpm driven by an electric handpiece cut the specimen
surface of 12mm x Smm at a feed rate, v,, and a depth of cut, a.
Water from the dental handpiece was delivered to the bur-specimen
contact area at a constant flow rate of 30 ml/min for cooling and
removing debris.

Two new diamond burs of 106—125 pum grits and 1.4 mm diam-
eter (SF-12, ISO 111/014, MANI, Japan) were used in the cutting
of the two ceramics, respectively. In clinical cutting, cutting effi-
ciencies are a major concern of both dentists and patients. Consid-
ering the changeable cutting lengths in dental practice, the cutting
efficiency in this investigation was evaluated using the specific
material removal rate, Q,, It is defined as the volume of material
removed per unit time and per unit width of the specimen and cal-
culated as

Qw = aVy (1)

where a is the depth of cut and v,, is the bur feed rate. The cutting
tests were conducted at the feed rates of 15—75 mm/min and the
depths of cut of 10-60 um, corresponding to the specific material
removal rates of 0.15-4.5 mm’/mm/min. Both up and down cut-
ting were conducted at each specific material removal rate to eval-
uate the influence of up and down cutting on cutting forces.

In cutting with a multiple abrasive dental bur, an individual grit
on the periphery of the bur removes a small chip, which has a
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maximum undeformed chip thickness, /.. The maximum unde-
formed chip thickness is an important parameter in controlling
multiple point cutting processes and calculated as [17]

hmax = (S/CtanH)I/Z(VW/VS)I/Z(a/dS)l/4 (2)

where C is the number of active cutting points per unit area, 6 is
the semi-included angle for the undeformed chip cross-section, vy,
is the bur feed rate, v, is the bur speed, a is the depth of cut, and d;
is the bur diameter. For the bur grit size used in this investigation,
C is taken as 20 and 0 as 60deg [17,18]. The maximum unde-
formed chip thickness values were calculated in the range of
0.25-0.87 um based on the cutting conditions applied in this
investigation.

Tangential and normal forces were measured using a force dy-
namometer and a high-speed data acquisition system [19]. The
tangential force is the force tangential to the bur and the normal
force is the force normal to the specimen surface. Before each
measurement, at least six cutting circles were run to obtain fresh
surfaces under each cutting condition. Specific cutting energy, u,
was the cutting energy expended per unit volume of material
removed, which was calculated as [17]

u = Fyg/avyb 3)

where F| is the tangential force, v, is the bur speed, a is the depth
of cut, v, is the bur feed rate, and b is the thickness of the
specimen.

The arithmetic mean roughness R, and maximum roughness
Rax were measured using a stylus profilometer (Taylor Hobson,
UK). Surface morphology was viewed by SEM (Nanosem 430,
FEI, USA). Under each cutting condition, three separate measure-
ments for tangential and normal forces, force ratios, specific
energy and roughness were conducted to obtain their mean values
and standard deviations.

3 Results

3.1 Cutting Forces. Figure 2 shows the tangential forces for
feldspar and leucite ceramics in up and down cutting as functions
of the specific material removal rate and the maximum unde-
formed chip thickness. Both forces for the two materials increased
with the specific removal rate and the maximum undeformed chip
thickness. The force values of the two materials were very close
under the same cutting conditions. However, the up cutting forces
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Fig. 2 Tangential forces versus specific material removal rate,
Q,, and maximum undeformed chip thickness, hax
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Fig. 3 Normal forces versus specific material removal rate, Q,,
and maximum undeformed chip thickness, h,ax

for the two materials in the range of 0.26—1.07 N are much higher
than the down cutting forces of 0.15-0.56 N.

The normal forces for the two ceramics in up and down cutting
as functions of the specific material removal rate and the maxi-
mum undeformed chip thickness are shown in Fig. 3. They all
increased with the specific material removal rate or the maximum
undeformed chip thickness. At the lower specific removal rates of
0.15-2.25 mm*/mm/min, the normal forces for the two materials
were close to each other. At the higher specific removal rate of
2.25-4.5 mm3/mm/min, the normal forces for leucite ceramic
were much larger than those for feldspar ceramic. In up cutting,
the normal forces for both materials are higher than those in down
cutting, especially at the higher specific removal rate and the
larger maximum undeformed chip thickness. For instance,
increasing the specific removal rate from 3.6 mm3/mm/min to
4.5 mm*/mm/min in up cutting, the average normal forces for leu-
cite ceramic remarkably doubled and varied in a much larger scale.

3.2 Force Ratio. The force ratios, Fn/Ft for the two ceramics
in up and down cutting as functions of the specific material re-
moval rate and the maximum undeformed chip thickness are
shown in Fig. 4. They are in the range of 1.4-3. There are no clear
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Fig. 5 Specific energy versus specific material removal rate,
Q,, and maximum undeformed chip thickness, hax

correlations between the force ratios for the two materials and the
specific removal rate or the maximum undeformed chip thickness.
The force ratios for both materials in down cutting were larger
than those in up cutting. In down cutting, the forces ratios showed
independent of the material. In up cutting, the force ratios for leu-
cite ceramic were higher than those for feldsgar ceramic only at
the higher specific removal rate (>1.8 mm’/mm/min) and the
larger maximum undeformed chip thickness (>0.5 um).

3.3 Specific Cutting Energy. The specific cutting energy for
the two materials in up and down cutting as functions of the spe-
cific material removal rate and the maximum undeformed chip
thickness is shown in Fig. 5. They all significantly decreased with
the specific removal rate and the maximum undeformed chip
thickness. The specific energy for the two materials was very
close. The energy values for both materials in up cutting ranging
25-183 J/mm® were much larger than those in down cutting rang-
ing 12-110J/mm°.

3.4 Surface Roughness and SEM Surface Morphology. Up
and down cutting showed no measureable influences on surface
roughness and morphology. Surface roughness for the two
ceramics in down cutting as functions of the specific material re-
moval rate and the maximum undeformed chip thickness is shown
in Fig. 6. Both the arithmetic mean roughness R, and the maxi-
mum roughness R,.x did not change with the specific removal
rate or the maximum undeformed chip thickness. There is no dif-
ference between the R, values for the two materials. However, the
Rax values for feldspar ceramic are slightly larger than those for
leucite ceramic.

Figures 7(a) and 7(b) show the SEM micrographs of feldspar
and leucite surfaces cut at a low specific removal of 0.15 mm?/
mm/min (a small maximum undeformed chip thickness of
0.25 um), respectively. Figures 7(c) and 7(d) show the SEM
micrographs of feldspar and leucite surfaces cut at a high specific
removal rate of 4.5 mm3/mm/min (a large maximum undeformed
chip thickness of 0.87 um), respectively. Both brittle fracture and
ductile removal are observed on the two material surfaces at any
removal rate or maximum undeformed chip thickness. While brit-
tle fracture usually occurred by the rapid crack propagation with-
out appreciable macroscopic deformation, ductile removal was
similar to the metal removal deformation with apparent plastic
flow or plowing. Ductile removal is usually more desirable due to
better surface generation than brittle fracture. In this investigation,
more ductile removal marks are observed on both material surfa-
ces at the low specific removal rate or the small maximum
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Fig. 6 Surface roughness versus specific material removal
rate, Q,, and maximum undeformed chip thickness, hyax

undeformed chip thickness. More brittle fracture is seen on both
material surfaces at the high specific removal rate or the large
maximum undeformed chip thickness. In comparison of the two
materials, leucite ceramic produced better surfaces with more duc-
tile characteristic than feldspar ceramic.

4 Discussion

We have explored the effects of specific material removal rate
and maximum undeformed chip thickness on process characteris-

tics in up and down cutting of feldspar and leucite ceramics using
a dental electric handpiece and coarse diamond burs. Although
our tests have been conducted in laboratory atmosphere, the
results are clinically relevant because the cutting parameters
applied are in the range of clinical practice. Data on dental cutting
forces is essential so that patients are capable of withstanding
these forces without deteriorating discomfort. In dental practice,
the acceptable cutting forces of burs against enamel are about 2 N
[7]. At the lower specific removal rate (<3.6 mm?>/mm/min) or the
smaller maximum undeformed chip thickness (<0.75 um), both
the tangential and normal forces for the two materials were lower
than 2N (Figs. 2 and 3). At the higher specific removal rate (>3.6
mm?®/mm/min) or the larger maximum undeformed chip thickness
(>0.75 pum), the normal forces for leucite ceramic became larger
than 2 N and had great variations (Fig. 3). This large scale normal
force variations may be attributed to the cutting contact stiffness
between the abrasive bur and the specimen, which is associated
with the depth of cut and the stiffness of the mechanical system.
The cutting contact stiffness determines the elastic deformation of
the abrasive bur surface due to the normal force. It has a decisive
influence on the stability of the cutting process. The higher contact
stiffness could cause the unstable cutting [20]. The higher specific
removal rate than 3.6 mm3/mm/min not only resulted in the large
normal forces but also caused the unstable cutting with vibrations
due to the contact stiffness limit. Thereby, there is a limit in
increasing cutting efficiencies in dental cutting due to significant
force rises and variations at very higher specific removal rates
larger than 3.6 mm®/mm/min.

The cutting normal forces for leucite ceramic were higher than
those for feldspar ceramic, especially at the higher specific re-
moval rate and or larger maximum undeformed chip thickness.
This can be attributed to the higher strength of leucite glass ce-
ramic, which needs more forces to break during cutting process.

Fig. 7 SEM micrographs of the machined surfaces of (a) feldspar ceramic and (b) leucite ce-
ramic at the specific material removal rate of 0.15 mm®mm/min and the maximum undeformed
chip thickness of 0.25 um; (c) feldspar ceramic and (d) leucite ceramic at the specific material re-
moval rate of 4.5 mm®*mm/min and the maximum undeformed chip thickness of 0.87 ym
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Another attribution can be explained by the fracture initiation
threshold in ceramic machining, in which the initiation and propa-
gation of lateral and median/radial cracks are dominant materials
responses to indentation and removal by sharp diamond indenters
or grits [21]. This threshold normal load P for lateral cracks is
determined by the material’s Young’s modulus E, hardness H, and
fracture toughness K. as follows [21]:

Pc = & (E/H)K? /H? @)

where Ef(E/H) is approximately equal to 2 x 10°. According to
Eq. (4), the threshold normal forces for feldspar and leucite
ceramics are estimated to be 0.55N and 3.25 N, respectively. The
higher threshold for leucite ceramic means that it requires higher
normal forces for material removal than feldspar ceramic.

It is interesting to note that the cutting forces (Figs. 2 and 3) for
both materials in down cutting were smaller than those in up cut-
ting. The tangential forces (Fig. 2) for feldspar and leucite
ceramics in down cutting were smaller than those in up cutting by
about 13-43% and 23-49%, respectively. The normal forces
(Fig. 3) in down cutting of feldspar and leucite ceramics were
smaller than those in up cutting by up to 28% and 52%, respec-
tively. These lower force trends in down cutting are consistent
with the common findings in conventional machining in which
down cutting or grinding normally uses less forces. For example,
in the creep-feed grinding of Si-SiC, the tangential and the normal
forces in down grinding were obviously smaller than those in up
grinding. Especially, the tangential forces in down grinding
decreased by nearly 50% compared with those in up grinding
[22]. An investigation on highly efficient grinding of alumina also
observed that the tangential forces significantly decreased in down
cutting, and the decreased scale also showed uptrend with an
increase in feed rate [23].

The difference between the up and down cutting forces (Figs. 2
and 3) may have correlated with the indentation fracture and the
chip formation at diamond grit-specimen interfaces [24]. During
the up cutting chips were formed at the leading edge of the contact
area between the bur and specimen and were immediately ejected
from the cutting zone. During the down cutting, chips formed at
the leading edge of the diamond grit-specimen contact interface
must have travelled between the specimen and the bur to the back
edge of the contact are before they can be ejected. During the up
cutting, the normal forces measured by the dynamometer
depended mainly on the forces necessary to form the chips. Dur-
ing the down cutting, the measured normal forces must also be
related to the impact fracture or comminuting characteristics of
the isolated chips [23]. The grit penetrations at the maximum chip
thicknesses during the down cutting also assisted the radial crack
formation and reduced the rubbing energy for ductile cutting,
resulting in smaller cutting forces, especially tangential forces.
Thus, an important guidance to dental clinical practice needs to be
pointed out that down cutting can significantly reduce the cutting
forces to relieve patients’ discomfort.

Force ratios are associated with the fraction between the bur
and the ceramic specimen, the fracture mode of the specimen and
the contact stress mode in the cutting zone. The force ratios of
1.4-3 obtained in this investigation (Fig. 4) are comparable to the
force ratios in cutting of granite [24]. However, they are obviously
smaller than the ratios of 4-8 in grinding of alumina using a dia-
mond wheel [25]. Granite consisting of mainly of quartz, mica,
and feldspar is equally as hard as feldspar and leucite ceramics.
Alumina has much higher hardness than feldspar and leucite
ceramics, which requires much higher normal forces to penetrate
alumna for chip formation. In dental cutting of enamel using a
high-speed dental handpiece, the force ratios varied between 1
and 1.25 [26], which are much lower than those in cutting of glass
ceramics. This could be explained that the harder glass ceramics
required higher external normal forces for material removal than
enamel did. In this study, the greater force ratios in down cutting
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were found (Fig. 4), which are in agreement with the higher force
ratios in down grinding of alumina [25].

The specific energy is a fundamental parameter for characteriz-
ing machining processes because its magnitude determines material
removal mechanisms and cutting heat generation. The decreasing
trend of the specific energy with the specific removal rate and the
maximum undeformed chip thickness in Fig. 5 can also be observed
in machining of alumina [25] and silicon carbide [18]. In fact, this
is a general consistency with the findings of the specific energy in
machining of engineering ceramics, where the specific energy has
an inverse dependence on the specific removal rate and the maxi-
mum undeformed chip thickness [18,27]. This inverse relationship
between the specific energy and the specific removal rate or the
maximum undeformed chip thickness is often referred to as the
‘size effect’” [18] in machining. The steep increase of specific
energy at very low specific removal rates and with small maximum
undeformed chip thicknesses (Fig. 5) has been attributed to an
increased tendency for ductile flow rather than fracture as the dia-
mond grits interact with the ceramic material [18]. On contrary, the
low specific cutting energy obtained at higher specific removal rates
with larger maximum undeformed chip thicknesses caused more
brittle fracture in the ceramic surfaces.

The SEM examinations in Fig. 7 indicate that all the surfaces
are generated by the combined brittle and ductile removal modes
at any specific removal rate or maximum undeformed chip thick-
ness. More ductile flow regions are found on both material surfa-
ces at the low specific removal rate with a small maximum
undeformed chip thicknesses (Fig. 7). More fracture patches on
both material surfaces were observed at the high specific removal
rate with a large maximum undeformed chip thickness (Fig. 7).
The removal modes were changed with the specific removal rate
and the maximum undeformed chip thickness during the cutting.
However, the average and maximum surface roughness did not
show measurable changes with the specific removal rate and the
maximum undeformed chip thickness (Fig. 6). This agrees with
the previous findings in dental cutting of bioceramics using air-
turbine handpieces and coarse burs [6,9,28], in which surface
roughness usually did not depend on the removal rate using coarse
diamond burs.

The reason for more ductile deformation observed on the
machined leucite ceramic surfaces may be due to its higher frac-
ture toughness. Generally, materials with higher fracture tough-
ness are more resistant to crack initiation and propagation. In
cutting of leucite ceramic, more plastic deformation occurred on
the machined surfaces. However, the regional plastic flow did not
occur on all cutting surfaces of leucite ceramic. Thus, it could
have only reduced the fracture patches to improve the maximum
surface roughness (Fig. 6).

5 Conclusions

This paper has presented a machining science approach to den-
tal cutting process of glass ceramics using an electric dental hand-
piece and coarse diamond burs to mimic clinical situations. A
number of fundamental understandings of clinical cutting have
emerged from this study. First, up or down cutting was found to
be very important in determining cutting forces, force ratios and
specific cutting energy. Cutting forces and specific cutting energy
in down cutting were much lower than those in up cutting. Sec-
ond, size effect for cutting forces and specific energy in dental
cutting of glass ceramics was observed. Both specific energy and
cutting forces correlated with the specific material removal rate
and the maximum undeformed chip thickness. Finally, the
machined surfaces were generated in both brittle and ductile re-
moval modes at any specific removal rate and the maximum unde-
formed chip thickness using the electric handpiece and coarse
burs. Surface roughness did not show the measureable changes
with the specific removal rate and the maximum undeformed chip
thickness. These results suggest to clinical practitioner that by
simply choosing down cutting, cutting forces and specific cutting
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energy can be reduced without compromising cutting efficiency.
Furthermore, clinicians should be cautious in increasing removal
rates for high cutting efficiencies, because there was a limit for
the specific removal rates. Cutting beyond the limit (3.6 mm?/
mm/min in this study) can cause significant force rises and varia-
tions in dental practice. It should also be noted because of the
complexity of the clinical cutting operated by individual dentists,
the results presented can only be used in a qualitative manner to
examine cutting mechanisms of material removal in clinical
dentistry.
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